The deadly box jellyˆsh (Sea Wasp, Habu-kurage in Japanese)
The box jellyˆsh (Sea Wasp) Chiropsalmus quadrigatus Haeckel (Habu-kurage in Japanese, Cnidaria: Cubozoa: Cubomedusae) is widely distributed in the tropical Indo-Paciˆc region. The sting of C. quadrigatus is so severe that it is sometimes fatal to humans. 1) In Okinawa, a tropical region of Japan, three fatal cases from its sting have been reported so far. 2) In 1998, 126 victims, including one fatal case, of C. quadrigatus' stings at Okinawan beaches were reported o‹cially.
2) The stings will leave a``crosshatched'' tentacle imprint upon the skin, which, together with severe pain and multiple wheals from the multi-tentacled animal, are diagnostic of a chirodropid sting. 1) Death is caused by cardiac shutdown in systole or respiratory failure with acute pulmonary edema. Children are particularly susceptible. Delayed allergic dermatitis is documented in the absence of further jellyˆsh contact. 1) However, the toxins of C. quadrigatus have not yet been isolated or characterized. The characterization of C. quadrigatus toxins is theˆrst step in developing more eŠective remedies against the deadly C. quadrigatus sting.
Herein we report theˆrst isolation of C. quadrigatus toxin-A (CqTX-A), a major proteinaceous toxin in the nematocyst, and its toxicity, as well as the cDNA and amino acid sequences for CqTX-A.
Materials and Methods
Hemolytic activity test. The puriˆed toxin or toxic fractions were incubated in a plastic tube at room temperature with 1 ml of a 0.8z suspension of sheep red blood cells (Nikken-Seibutsu-Igaku-Kenkyusho, Japan) in phosphate-buŠered saline (PBS) (+) (Cosmo Bio., Japan). After 2 hours, the tubes were centrifuged at 3000 g for 2 min. The concentration of hemoglobin released into the supernatant was measured on a microplate reader (MPR-4Ai, Tosoh, Tokyo, Japan) at 550 nm. A 100z hemolysis value was obtained by the addition of 0.1 mg W ml saponin.
Crayˆsh toxicity assay. The fractionated samples (each 100 ml) were injected intraperitoneally into the crayˆsh, Procambarus clarkii. Fatal toxicity was observed 24 h after injection. The puriˆed toxin was dissolved in a 100-ml volume of 1 M NaCl, 10 mM phosphate buŠer (pH 6.0) and injected intraperitoneally into P. clarkii (ˆve crayˆsh for each toxin concentration).
Sample collection. Samples of the box jellyˆsh
Chiropsalmus quadrigatus were collected at Heshikiya, Okinawa in August 1999. The samples were identiˆed by Prof. S. Kubota, Faculty of Science, Kyoto University. Tentacles were excised from the living specimens immediately after capture, packed in dry ice, and stored at "809 C until use. Voucher specimens for identiˆcation were deposited at the Okinawa Prefectural Institute of Health and Environment.
Preparation of the isolated nematocysts from C. quadrigatus tentacles. Nematocysts were isolated from C. quadrigatus tentacles using a modiˆcation of the Burnett method.
3) Filtered seawater was added to frozen C. quadrigatus tentacles and the samples were autolysed at 59 C. After four days, the sample suspension wasˆltered through a nylon stocking and the nematocysts in theˆltrate were allowed to settle in a 50-ml conical centrifuge tube for 3 h at 59 C. The supernatant was then removed by decanting and the nematocysts were washed at least three times usinĝ ltered seawater. The isolated nematocysts were stored at "209 C until use.
Extraction and isolation of CqTX-A from the isolated nematocysts of C. quadrigatus. CqTX-A was puriˆed from the isolated nematocysts of C. quadrigatus following the modiˆed procedure described previously for CrTXs and CaTXs. 4, 5) Toxin isolation was guided by the hemolytic activity test and the crayˆsh toxicity test. The isolated nematocysts were sonicated in 10 mM phosphate buŠer (pH 6.0) for extraction. After centrifugation of the extracts, the supernatant was put on an ion-exchange HPLC, TSK-GEL CM-5PW column (7.5×75 mm, 0.5 ml W min), which had been equilibrated with 10 mM phosphate buŠer containing 0.3 M NaCl (pH 6.0). The column was then washed with 10 mM phosphate buŠer (pH 6.0) and the active components were eluted using a gradient solvent system (0-0.7 M NaCl: 0-90 min).
To concentrate the hemolytic fraction, the hemolytic fractions were combined and then diluted with 10 mM phosphate buŠer (pH 6.0). The sample solution was put on a TSK-GEL CM-5PW column (7.5× 75 mm, 0.5 ml W min), which had been equilibrated with 10 mM phosphate buŠer containing 0.3 M NaCl (pH 6.0), and then the column was washed with 10 mM phosphate buŠer (pH 6.0). Finally the active fraction was eluted with a 0.8 M NaCl and 10 mM phosphate buŠer (pH 6.0) solution. The active fraction could be concentrated in a ca. 2-ml solution. All HPLC elution was monitored with a UV detector at 210 or 280 nm. The separation of each fraction was monitored by SDS-PAGE according to standard methods.
6) The protein concentration of the sample was measured using a BCA protein assay (Pierce Chemical C., Rockford, IL) following the manufacturer's instructions.
To preserve the toxins during puriˆcation and storage, the samples were kept in a high-salt concentration buŠer at 59 C.
4)
Peptide mapping of CqTX-A. The thiol group of cysteines in the CqTX-A molecule was pyridylethylated using the following methods. Isolated CqTX-A (20 mg) was dissolved in 300 ml of 7 M guanidine hydrochloride, 50 mM dithiothreitol, 10 mM EDTA, and 0.5 M tris-HCl buŠer (pH 8.5). The sample solution was left at room temperature for 2 h; then 2 ml of 4-vinylpyridine were added and the solution was left for 30 minutes at room temperature. Five microliters of 99z formic acid were added to the reacted sample solution.
The pyridylethylated CqTX-A was incubated with 3 pM lysylendopeptidase (Achromobacter Protease I, Takara Co., Kyoto, Japan) in 10 mM Tris-HCl buŠer (pH 9.0) containing 0.01z Tween20 at 309 C for 20 h. The incubated sample was put on a reversedphase HPLC [column: mRPC C2 W C18, 2.1×100 mm (Amersham Pharmacia Biotech AB, Uppsala, Sweden), ‰ow rate: 0.1 ml W min, solvent system: 10-70z MeCN gradient in water containing 0.05z tri‰uoroacetic acid; 0-80 min]. Separated peptide fragments were fractionated and their amino acid sequences were analyzed by a PSQ-1 protein sequencer (Shimadzu Co., Kyoto, Japan). The isolated intact CqTX-A (50 mg) was also put into a PSQ-1 protein sequencer to analyze the N-terminus amino acid sequence of the toxin.
Cloning of CqTX-A cDNA. Total RNA was isolated from the intact tentacles of C. quadrigatus with TRIzol Reagent (Invitrogen Co., Carlsbad, CA) following the manufacturer's instructions. First-strand cDNA was synthesized from 1 mg of total RNA using SuperScript II reverse transcriptase (Invitrogen Co., Carlsbad, CA) with an oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer. Degenerative reverse transcriptase-polymerase chain reaction (RT-PCR) using mixed oligonucleotide primers was done to obtain a partial cDNA fragment. The mixed oligonucleotide primers were designed according to the amino acid sequences of peptide fragments A and B (Fig. 2) : A-F, 5?-AAR GCI AAR ATH GAY GCI AAR MG-3? (corresponding peptide sequence: KAKIDAKR); B-R, 5?-AAR TAI CCY TGR TTI CCR TAI CC-3? (corresponding peptide sequence: GYGNQGYF). Ampliˆcation was done using Ex Taq polymerase (Takara Co., Kyoto, Japan) under the following conditions: 949 C for 5 min; 30 cycles of 949 C for 30 s, 499 C for 30 s, 729 C for 2 min; and 729 C for 5 min. The 1260-bp product obtained from the reaction was cloned into the pCR2.1 vector (Invitrogen Co., Carlsbad, CA) and nucleotide sequences were analyzed using a BigDye Terminator Cycle Sequencing Kit (Applera Co., Norwalk, CT) and the ABI PRISM 310 (Applera Co., Norwalk, CT) automated sequencer. This 1260-bp cDNA was then treated by 5? W 3?-rapid ampliˆcation of cDNA ends (RACE). 5?-RACE was done by the following method:ˆrst-strand cDNA was synthesized from 1 mg total RNA using a 5? W 3?-RACE kit (Boehringer Mannheim Co., Germany) and a gene speciˆc primer CQ-1 (5?-AGC CCC CAT TAC TTT TGC TC-3?). Theˆrst 5?-RACE reaction was completed using the oligo dTanchor primer and the primer CQ-2 (5?-GCA TGT TCG CCA CTT TAT CG-3?). The second 5?-RACE reaction was also completed using the PCR anchor primer and the primer CQ-3 (5?-AAG TTG TTT TCC TGA GGG CC-3?). The secondary PCR products were subcloned into the pCR2.1 vector and sequenced as described above. 3?-RACE was done by the following method. First-strand cDNA was synthesized from 1 mg total RNA using a 5? W 3?-RACE kit (Boehringer Mannheim Co., Germany) and the oligo dT-anchor primer. The cDNA was then amplied by theˆrst 3?-RACE reaction using the primer CQ-4 (5?-AAA CAG CAA AGG GAG ACC TC-3?) and the PCR anchor primer, followed by reampliˆca-tion of the primary PCR products using the primer CQ-5 (5?-TGT GGA TGG TAT CCC AAG TC-3?) and the PCR anchor primer. The secondary PCR products were subcloned into the pCR2.1 vector and sequenced.
Results and Discussion
Isolation of CqTX-A CqTX-A (44 kDa) was isolated ( Fig. 1 ) using the modiˆed toxin isolation procedure developed for the toxins of C. rastoni and C. alata. 4, 5) Most of the jellyˆsh proteinaceous toxins have been reported to be very labile. [7] [8] [9] However, these results conˆrm the applicability of this new method for isolating a variety of labile box jellyˆsh proteinaceous toxins in their active forms. Furthermore, the isolation procedure for CqTX-A could be simpliˆed in comparison to those of C. rastoni and C. alata because the cleanly isolated nematocysts were used as a starting material. In addition, we observed the existence of a proteinaceous toxin that was not CqTX-A in the extract of C. quadrigatus' tentacles (data not shown), but, this toxin could not be detected in the nematocysts of C. quadrigatus such as CrTX-B and CaTX-B.
4,5)
Peptide mapping of CqTX-A We sequenced two CqTX-A peptide fragments: fragment A (N-terminus): EGTISSGLASLKAKID-AKRPSGKQLFDKVANMQK and fragment B: GDLFFVDGIPSQLGYGNQGYF (Fig. 2) . The hydrolysis of intact CqTX-A by lysylendopeptidase did not provide good fragmentation, which was seen with the HPLC proˆle of the hydrolyzates. Thus, CqTX-A was derivatized with pyridylethylation and then hydrolyzed by lysylendopeptidase, so that fragment B could be obtained with HPLC puriˆcation. These results suggest that the native CqTX-A has a complex structure which is resistant to lysylendopeptidase.
RT-PCR experiments were done using this sequencing information and a 1260-bp product was obtained and sequenced. This sequence was then used to design primers for 5? W 3?-RACE. Analysis of the 5? W 3?-RACE data showed the 5?-and 3?-terminus sequences of the full-length cDNA (1940 bp) that encodes CqTX-A. The 5?-untranslated region contains a stop codon in the same reading frame as theˆrst initiation codon at position 76. The initiation codon is followed by a 1386-bp region before the termination codon, which encodes a 462-amino acid protein (Fig. 2) . Northern-blot analysis showed that C. quadrigatus tentacles contain CqTX-A genes and the size of the encoding mRNA (1900 bp) is almost identical in size to the analyzed base sequences for CqTX-A (data not shown).
Analysis of deduced CqTX-A amino acid sequence
The deduced amino acid sequence of CqTX-A con- The complete sequence of CqTX-A cDNA and its translation product are illustrated. The deduced amino acid sequence is shown from theˆrst ATG codon of the open reading frame. The asterisks indicate in-frame stop codons (TAG). Nucleotide and amino acid numbers are shown at the right. The underlined sequence has an amphiphilic a-helix-like sequence (Fig. 5) . Box A indicates the N-terminal sequence of the mature CqTX-A. Box B indicates the peptide fragment, which was obtained as a hydrolyzate of CqTX-A by lysylendopeptidase. The DDBJ Accession Number of this sequence is AB045319.
tains 462 amino acids from the putative initiating methionine to the putative last threonine (Fig. 2) . Peptide fragments A (N-terminus) and B (from the peptide mapping) are found in the deduced molecule (Fig. 2) . This conˆrmed that the reading frame for the CqTX-A cDNA was correct. The calculated isoelectric point for CqTX-A (8.67) indicates the basic nature of the protein, as has been previously reported for the jellyˆsh toxins, CrTXs and CaTX-A. 4, 5) The deduced CqTX-A amino acid sequence had 25.2z with that of CrTXs and 21.6z homology with that of CaTX-A. The positions of three cysteines were well conserved in these three proteinaceous toxins in comparison with the other amino acids (Fig. 3) .
Comparison of the deduced CqTX-A amino acid sequence with those of other proteins using the BLAST algorithm 10) showed no signiˆcant similarity except with the jellyˆsh toxins, CrTXs and CaTX-A. 4, 5) Since a novel bioactive protein family has emerged from these studies (including this study) of the box jellyˆsh toxins (CrTXs, CaTX-A and CqTX-A), we propose here to designate these unprecedented proteins as the jellyˆsh toxin family.
The deduced secondary structure of CqTX-A Secondary structure analysis 11) of CqTX-A predicted the presence of several a-helices that are at least twenty residues long. Construction of an``Edmundson wheel '' 12) showed that in the N-terminus region, one of these predicted a-helices was amphiphilic (Fig. 4) . The existence of an amphiphilic a-helical structure in the N-terminus region was also predicted in CrTXs and CaTX-A. 5) As mentioned in the previous paper, 5) the amphiphilic structures of the jellyˆsh toxin family may relate to their potent hemolytic activity. Crayˆsh toxicity and hemolytic activity test The LD50 value of CqTX-A to crayˆsh was 80 mg W kg (i.p.). CqTX-A caused 50z hemolysis in sheep red blood cells at a concentration of 160 ng W ml. We formerly reported that the LD50 values of CrTX-A and CaTX-A to crayˆsh were less than 5 mg W kg and 5-25 mg W kg, respectively. 4, 5) CrTX-A and CaTX-A caused 50z hemolysis in sheep red blood cells at a concentration of 1.9 ng W ml and 70 ng W ml, respectively. 4, 5) These data indicate that CqTX-A is less toxic than CrTX-A and CaTX-A. The number of tentacles of C. quadrigatus is several times greater than that of C. alata or C. rastoni. Furthermore, the length of the tentacles of C. quadrigatus is at least three times that of C. alata or C. rastoni. Therefore, in case of human sting, the amount of the toxin injected into the victim by C. quadrigatus in one incident should be much more than the amounts injected by C. alata or C. rastoni. This should be one of the reasons why stinging by C. quadrigatus is more dangerous than stinging by C. rastoni or C. alata. The toxicity of CqTX-A toward mammals was not investigated in this study. However, CrTX-A, a related proteinaceous toxin, was shown to be lethally tox- A potential amphiphilic a-helix was predicted in the structure of mature CqTX-A. It is depicted by Edmundson helical wheels. 12) Hydrophobic amino acids are boxed.
ic to mice by injection (i.p. and i.v.) and the causative agent of the cutaneous in‰ammation observed in humans stung by Carybdea rastoni. 4) Furthermore, CqTX-A was the major toxin in the nematocysts, so that CqTX-A is likely to be the causative toxin for the fatal cases caused by C. quadrigatus stings.
